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Abstract

We used literature searches and a database of all reported emerging infectious diseases (EIDs) to analyze the
most important transmission pathways (e.g., vector-borne, aerosol droplet transmitted) for emerging zoonoses.
Our results suggest that at the broad scale, the likelihood of transmission occurring through any one pathway is
approximately equal. However, the major transmission pathways for zoonoses differ widely according to the
specific underlying drivers of EID events (e.g., land-use change, agricultural intensification). These results can
be used to develop better targeting of surveillance for, and more effective control of newly emerged zoonoses in
regions under different underlying pressures that drive disease emergence.
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Introduction

Emerging infectious diseases (EIDs) have significant
public health and economic impacts and are increasing in

frequency (Brahmbhatt 2005, Jones et al. 2008). Nearly two-
thirds of EIDs are zoonotic and three-quarters of those originate
in wildlife (Jones et al. 2008), thus targeted disease surveillance
may be useful to optimize prevention and control measures and
reduce the threat of future zoonotic EIDs (Karesh et al. 2005,
Vrbova et al. 2010). Recent approaches to disease surveillance
and control have largely been disease specific and reactive in
nature, tackling pathogens after they have already emerged
(Childs and Gordon 2009). Proactive approaches include
pathogen discovery in wildlife to identify potential zoonoses
(Anthony et al. 2013, Lipkin 2013), however the number of
microbes in wildlife remaining to be discovered is likely large
and the causes and dynamics of transmission from wildlife to
human are poorly understood (Jones et al. 2008, Childs and
Gordon 2009, Anthony et al. 2013). As pathogens continue
to emerge from wildlife, a better understanding of the ways
through which transmission could potentially occur is needed.
Because pathogens with different transmission pathways may
require very different prevention and control strategies, un-
derstanding the relative importance of each pathway for a given
pathogen is essential.

Zoonoses can be transmitted from wildlife to humans by a
range of routes (or pathways), yet research exploring the role

of transmission pathways in past EID events has not been
consolidated. Here, we analyze transmission pathways of
all known previously emerging zoonoses. Our results suggest
that the relative importance of different transmission path-
ways varies by EID driver (e.g., land use change, bushmeat
consumption, climate, and weather). This suggests that tar-
geting pathogen discovery and surveillance programs to
different transmission pathways will increase our capacity to
identifying important pathogens, either known or unknown.

Materials and Methods

We identified all unique zoonotic pathogens (n = 183) from
a published database of 335 emerging infectious disease
‘‘events’’ (the original case or cluster of cases representing an
infectious disease emerging in human populations for the first
time) from 1940 to 2004 ( Jones et al. 2008). This database
includes EID events caused by newly evolved strains of
pathogens, novel pathogens that have entered human popula-
tions for the first time, and pathogens that have likely been
established in humans historically, but that have recently in-
creased in incidence (Jones et al. 2008). We excluded emer-
gence events that arose through the evolution of antimicrobial
drug resistance and those caused by newly evolved strains of
known pathogens (e.g., multidrug-resistant tuberculosis and
chloroquine-resistant malaria), as well as those attributed to
human susceptibility to infection (disease outbreaks that are
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secondary to immunodeficiency diseases), leaving 148 records
in our database.

We then conducted a systematic literature search to iden-
tify all documented animal-to-human transmission pathways
for each pathogen and the relative contribution of each when
more than one transmission route was described. Transmis-
sion pathways were identified through a comprehensive
search in the ISI Web of Science online database, performing
a topic search using the string ‘‘[pathogen name]? AND
*transmission* AND (route* OR pathway*) from 1940 to
present. The use of this combination of key words allowed for
the identification of all documented pathways. Pathogen
synonyms were included in the search. Supplementary ref-
erences, including World Health Organization (WHO) and
Centers for Disease Control and Prevention (CDC) fact
sheets, were used to provide additional information about
transmission routes from animals to humans. We identified
five broad but distinct transmission pathway categories: (1)
Direct contact (skin-to-skin contact; scratches; animal bites;
contact with body fluids, organs, and tissues; direct large
droplet exposure); (2) airborne transmission (via dust parti-
cles and airborne small droplets); (3) vector-borne (by biting
or mechanical transfer by arthropods); (4) oral transmission
(consumption of contaminated food or water); and (5) con-
taminated environment or fomite (indirect contact with soil
or vegetation, contact with water, indirect transmission by
contaminated inanimate objects). Where no transmission
route was documented, this information was assumed to be
unknown, and these pathogens were excluded from the
analysis (n = 3), leaving a total of 145 records in our database
(Supplemental Table 1).

To determine whether zoonotic diseases are more likely to
be transmitted through specific pathways, we first assigned
all transmission pathways per pathogen equal weighting as
per methods published in Taylor et al. (2001) and calculated
the total proportion of zoonotic EIDs transmitted by each
pathway at a broad scale. However, for many pathogens,
some modes of transmission are more frequently implicated
than others. To account for this, we then assigned all trans-
mission pathways per pathogen different weightings based
on how likely transmission is to occur through that particu-
lar pathway—either ‘‘likely’’ or ‘‘less likely’’ (Supplemental
Table 1).

Each pathogen in the analysis received a total value of 1.
For those pathogens that could only be transmitted through
one pathway (e.g., West Nile), that pathway received the full
value of 1 (assuming transmission would occur via that
pathway 100% of the time). However, for organisms that
could be transmitted by more than one pathway (e.g., rabies),
any pathway that is documented in the literature as likely to
occur (e.g., rabies infection via a bite or scratch) received a
weight of 0.9, while the remaining value was split equally
between the less common pathways (e.g., rabies infection via
airborne transmission).

Likewise, if the literature indicated that transmission
through a particular pathway was rare or unlikely to occur,
this pathway received a weight of 0.1 (assuming that trans-
mission via that pathway was likely to occur less than 10% of
the time), and the remaining value of 0.90 was split equally
among the other pathway(s). If a pathogen could be trans-
mitted via multiple ‘‘unlikely’’ or ‘‘rare’’ pathways, the value
of 0.1 was split equally between those pathways. In the

literature, rare or unlikely routes of transmission generally
refer to those that have been demonstrated in experimen-
tal laboratory studies and/or where only a handful of human
cases have been documented (e.g., four cases of rabies at-
tributed to the airborne pathway, two documented suspected
cases of tick-borne Q fever; Supplemental Table 1).

For example, for the bacteria Coxiella burnetii (Q fever),
the most common mode of transmission reported is airborne
transmission via inhalation of aerosols from contaminated
soil or animal waste. More rare modes of transmission to
humans include tick bites and ingestion of unpasteurized
milk or dairy products (Anderson et al. 2013). For this
pathogen, we assigned the common pathway, the airborne
pathway, a probability of 0.9, whereas the two less common
pathways were assigned a probability of 0.05 each (Supple-
mental Table 1).

We then examined which transmission pathways were
most likely to occur within various EID drivers, as defined in
Smolinski et al. (2003) and Morse (1995) and modified by
Jones et al. (2008). These drivers are largely environmental,
ecological, political, economic, and social forces, functioning
on a range of different scales, which facilitate the expansion
and adaptation of a pathogen to a new niche (Smolinski et al.
2003). The first classification of these drivers was published
in 1992 by the Institute of Medicine (IOM). This report
identified six factors in the emergence of infectious diseases
including: (1) Human demographics and behavior, (2) tech-
nology and industry, (3) economic development and land use,
(4) international travel and commerce, (5) microbial ad-
aptation and change, and (6) breakdown of public health
measures. Seven additional drivers were added in a follow-
up IOM report in 2003 (Smolinski et al. 2003) including:
‘‘human susceptibility to infection,’’ ‘‘climate and weath-
er,’’ ‘‘changing ecosystems,’’ ‘‘poverty and social inequi-
ty,’’ ‘‘war and famine,’’ ‘‘lack of political will,’’ and ‘‘intent
to harm.’’ To calculate which pathways were associated
with each EID driver, we split the data into subsets by dri-
ver, summed the weights for each transmission category,
and divided the sum by the total number of EID events
per driver.

Last, to determine whether transmission routes differ sig-
nificantly by disease driver, we used a permutation t-test
(Hothorn et al. 2006, 2008) to compare all possible pairwise
disease drivers (121 possible combinations). To minimize the
probability of detecting false positives (i.e., decrease Type I
error) we selected a rejection alpha of 0.10 (Quinn and Keough
2002). This level of significance was selected given the in-
herent reporting bias of EID data (e.g., developed countries
tend to report more than other countries) and the low sample
size for some of the drivers (e.g., Bushmeat n = 4).

Results

In a previous study, Taylor et al. (2001) included trans-
mission route as a potential risk factor for human disease
emergence. In their analysis, if an organism could be trans-
mitted by more than one transmission pathway, all were in-
cluded with equal weighting. They found that zoonotic
diseases were more likely to be transmitted by vectors (by
biting or mechanical transfer by arthropods) or indirect
contact (via food or an environmental reservoir). In accor-
dance with their results, we found that when all pathways in
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our analysis received an equal weighting, zoonotic diseases
were more likely to be transmitted by the same two pathways
that Taylor identified—oral transmission and by vectors (Sup-
plemental Table 1; Fig. 1). Because some pathogens could be
transmitted by more than one pathway, we found that, at a broad
scale, 42% of all zoonotic pathogens were transmitted through
oral transmission, 42% via vector-borne, 36% by airborne
transmission, 29% by direct contact, and 24% via contact
with a contaminated environment or fomite.

When broken down by pathogen type, the majority of
zoonotic EIDs were viral and bacterial in origin, with smaller
proportions of helminth, fungi, and prion-origin diseases. For
viruses, the vector-borne route of transmission was the most
common, followed by airborne transmission and direct ani-
mal contact. Very few viral EIDs were transmitted through
the foodborne pathway through exposure to a contaminated
environment, or via fomites. For bacteria, transmission was
most likely to occur through the foodborne, contaminated
environment, and direct-contact pathways. Fewer bacterial
EIDs were transmitted through the airborne and vector-borne
pathways. The majority of rickettsial and protozoal infections
were likely transmitted through vectors, whereas the direct
contact and airborne pathways were most relevant for fungal
diseases. Last, the oral transmission pathway was most rel-
evant for helminth and prion-driven diseases.

When ranked by primary EID driver; land-use change, ag-
ricultural industry change, and international travel and com-
merce are globally the top three drivers of zoonoses (Fig. 1).
At the broad scale, our results indicate that all pathways are
approximately equally common, yet when stratified by EID
driver, the relevant transmission pathways vary greatly (Fig. 2).

Results from the permutation t-tests indicate that trans-
mission pathways differ significantly between many disease
drivers (Table 1). For example, zoonotic diseases attributed
to land-use change were more likely to be transmitted via the
vector-borne pathway (52.5%), followed by direct animal
contact (23.8%), the airborne pathway (19.8%), and a smaller
proportion from the contaminated environment (2%) and oral
transmission pathways (2%; Fig. 2). For food industry
change, the most relevant pathway is oral transmission (58%)
(Fig. 2).

Discussion

An important challenge to developing effective prevention
and control strategies for zoonotic EIDs is identifying the rel-
evant transmission routes between reservoir hosts and humans.
In many cases, primary pathways for transmission are identified
during outbreak investigations after a disease has already
emerged. However, it is likely that many more novel

FIG. 1. Number of previous emergence events by primary drivers of disease as defined by Jones et al. (2008).
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transmission pathways remain undescribed for pathogens that
pose a potential human health risk. The recent emergence of a
number of pandemic zoonoses (e.g., severe acute respiratory
syndrome [SARS], pandemic influenza H1N1), zoonotic
viruses of pandemic potential (e.g., Middle East respiratory
syndrome [MERS] coronavirus), and those of regional concern
(e.g., Ebola virus), in addition to the increasing frequency of
EID events (Jones et al. 2008), make the targeting of surveil-
lance programs to early stages of emergence a crucial tool for
combating pandemics (Morse et al. 2012). Our analysis also
provides us with insights into which transmission pathways
are important in regions where different drivers of EIDs pre-
dominate, thus allowing for more targeted prevention measures
and surveillance approaches. This approach may have value for
targeted surveillance of pathogens that are known to emerge
through different pathways. For instance, although Nipah virus
(NiV) has been attributed to preferential feeding by Pteropus
bats on human-cultivated fruit or other plant products, as was
seen with NiV in Malaysia (transmitted via mangoes fed to
pigs) and Bangladesh (via date palm sap) (Chua et al. 2000,
Luby et al. 2006), the mechanism through which the disease
emerged differed between countries.

In Malaysia, agricultural intensification led to the planting
of mango trees directly adjacent to intensively managed pig
populations, attracting fruit bats to the area. This activity

resulted in the initial spillover of NiV from Pteropus bats into
intensively managed pig populations, leading to subsequent
outbreaks to human via direct contact with live pigs (Chua
2003, Epstein et al. 2006, Pulliam et al. 2012). In Bangladesh,
the most frequently implicated transmission pathway from
animals to people is via the oral transmission pathway, spe-
cifically ingestion of fresh date palm sap contaminated by bat
excreta (Hughes et al. 2009, Olival et al. 2013). By targeting
this and other potential routes of food contamination, sur-
veillance efforts and control measures may better minimize
the risk of zoonotic disease emergence.

A more apparent example highlighting the differences in
transmission routes between drivers is land-use change ver-
sus climate and weather. Land-use change is the leading
driver for emerging zoonoses (Fig. 1) and is likely to increase
in the future (Smolinski et al. 2003, Patz et al. 2004, Murray
and Daszak 2013). Our results suggest that disease emergence
in regions under pressure from land use change has most often
occurred through the vector-borne pathway and direct animal
contact. Thus, effective control measures in regions of active
land use change could be focused on ensuring or enhancing
vector control (e.g., larval control through environmental
management, use of mosquito nets, etc.), preventing trans-
mission through direct animal contact (e.g., use of personal
protective equipment, hand washing), and reducing risk of

FIG. 2. Scaled number of zoonotic emerging infectious diseases (EID) events (n = 145) per transmission route categorized
by the primary driver of disease emergence for each pathogen.
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airborne transmission (e.g., use of mask or light cloth to pre-
vent inhalation of infectious agents in high-risk occupations or
in areas where land disruption activities are occurring).

Infectious diseases driven by climate and weather are
more likely to be transmitted via the oral transmission and
vector-borne pathways. The relevance of these particular
pathways to this driver can be explained by examining the
events in our database linked to climate and weather. For
instance, there are 10 events/pathogens that are associated
with climate and weather including five Vibro spp., Coc-
cidioides immitis (Valley fever), and several vector-borne
diseases, including Murray Valley encephalitis virus,
Sindbis virus, St. Louis encephalitis virus, and Zika virus.
Previous work has shown climate-related increases in sea
surface temperature and sea level can lead to a higher in-
cidence of food-borne (shellfish poisoning) and water-
borne infectious diseases, highlighting the importance of
the oral transmission pathway. In fact, recent studies ex-
amining climate change impacts on human and animal
health found a positive correlation between the prevalence
of Vibro spp., including V. cholerae, and increasing sea
surface temperature. Similarly, changes in climate have
also been shown to affect disease transmission of many
vector-borne diseases by shifting the vector’s geographic

range, increasing reproductive and biting rates and by
shortening the incubation period (Vezzulli et al. 2013, Patz
et al. 2005). Although this finding is not surprising, it does
allow us to identify strategies to reduce oral transmission
(e.g., food safety measures) and vector-borne transmission
in regions with changing climates.

In summary, these findings provide us with a novel ap-
proach to identifying and understanding all the ways by which
a pathogen might spill over from nature into human hosts.
These results may be particularly useful to target the growing
number of efforts to discover and characterize new pathogens
before they emerge in human populations, coupled with ef-
forts that identify potential zoonotic pathogen reservoirs and
specific high-risk behavior in a region. Our results could be
compiled into a catalogue of relevant transmission pathways
and reservoirs. Targeting pathogen discovery through this
approach could tell us new information about how likely a
newly discovered potentially zoonotic pathogen is to emerge.
Public health efforts could develop control strategies that focus
on behavioral change in high-risk populations to minimize
exposure to potential reservoirs and target relevant transmis-
sion pathways (e.g., personal protective behaviors for direct
animal contact pathway, vector control targeted at larval
mosquitos, use of bed nets, etc., for the vector-borne pathway).
This approach will allow zoonotic disease surveillance to shift
toward a more preemptive strategy and use more targeted
public health interventions to prevent zoonotic disease spill-
over and emergence.
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